The authors have shown that twitching motility, a pilus-mediated form of bacterial surface movement, is required for Pseudomonas aeruginosa virulence in a murine model of keratitis. To study the role of twitching motility in virulence, Pseudomonas traversal of multilayered corneal epithelia in vitro was investigated. METHODS. Translocation of multilayered corneal epithelia was investigated with the invasive strain PAK and isogenic twitching motility mutants. Rabbit corneal epithelial cells were grown to multilayers with filters and inoculated on their apical surfaces with 10 6 colony-forming unit bacteria, and translocating bacteria were quantified by viable counts of the basal chamber. Transepithelial resistance (TER) was recorded. Cellular exit of P. aeruginosa after invasion was quantified with modified gentamicin survival assays, and the role of apoptosis in exit was explored. RESULTS. PAK translocated the epithelia as early as 1 hour after infection, and by 8 hours apical and basal numbers of bacteria were similar. Bacterial translocation did not reduce TER. Each twitching motility mutant (pilU, pilT with pili, pilA lacking pili) was defective in translocation (Ͼ2 log reduction vs. PAK; P Ͻ 0.005). All twitching mutants were competent for cell invasion but defective in cellular exit, accumulating intracellularly to numbers exceeding those of PAK. Inhibiting apoptosis reduced the cellular exit of PAK. CONCLUSIONS. These results show that twitching motility enables P. aeruginosa to translocate corneal epithelial layers and suggest that it contributes to epithelial cell exit by a mechanism involving apoptosis. The relationship between these in vitro findings and the role of twitching motility in P. aeruginosa virulence in vivo remains to be determined. (Invest Ophthalmol Vis Sci.
T he Gram-negative opportunistic pathogen Pseudomonas aeruginosa is capable of causing severe disease in patients with various forms of immunocompromise. In the eye, P. aeruginosa can cause an aggressive corneal infection (infectious keratitis) that is most commonly associated with contact lens wear or ocular trauma. Development of P. aeruginosa keratitis is thought to require bacterial entry into the corneal stroma underlying the multilayered epithelium. For the latter to occur, bacteria must overcome physical and biochemical defenses of the tear fluid and corneal epithelium. Although corneal epithelial defenses could be directly breached by ocular trauma, mechanisms by which P. aeruginosa traverses multilayered corneal epithelia in other situations that predispose to infectious keratitis remain unknown.
Bacteria have been shown to use various strategies to traverse epithelial cell monolayers grown in culture. For example, enteropathogenic Escherichia coli break down barrier function by directly disrupting tight junctions. 1, 2 In contrast, Salmonella and Yersinia spp. disturb cellular junctions indirectly after cell contraction or cytoskeleton rearrangement. [3] [4] [5] [6] Other pathogens, such as Listeria monocytogenes and Shigella spp., can travel through tissues intracellularly by invading cells and then traveling directly from one cell to the next without ever leaving the intracellular environment. 7, 8 We have previously shown that P. aeruginosa invades corneal epithelial cells. 9 -11 Some of the bacterial factors involved in invasion include lipopolysaccharide (LPS), 12 pili, 13 and FlhA.
14 Host cell factors involved include the cystic fibrosis transmembrane conductance regulator (CFTR), 15 lipid rafts, 16 -18 asialo-GM1, 13 and intracellular signaling proteins PI3K and Akt. 19, 20 Although bacterial invasion has been shown to be a key component in the pathogenesis of corneal infection caused by this pathogen, 21 little is known of the mechanisms by which P. aeruginosa moves from cell to cell or by which it translocates (crosses) a multilayer epithelial barrier.
P. aeruginosa traversal of epithelial cells has been quantitatively studied only with MDCK cell monolayers. 22, 23 Not surprisingly, cytotoxic strains that encode the ExoU phospholipase toxin, which can quickly kill cells, 24 were found to cause a rapid decrease in tight-junction integrity, as measured by a decrease in transepithelial resistance (TER). As expected, bacterial traversal then occurred at the same rate as the simultaneously added E. coli, which would not penetrate when used alone. This suggested that, for cytotoxic strains, bacterial traversal occurred where cells had been killed.
Very different results were found for invasive P. aeruginosa strains, which cause approximately 50% of P. aeruginosa corneal infections. 25 Invasive strains had little impact on TER (consistent with their low cytotoxic activity), but they traversed more rapidly than the cytotoxic strains or the simultaneously added control E. coli. Those findings suggested that invasive strains of P. aeruginosa were using specialized mechanism(s) to travel across cells. Further, the absence of TER loss suggested that their capacity for becoming intracellular might be involved. Although it is known that invasive strains of P. aeruginosa can invade corneal and other epithelial cell types 9, 26, 27 and that invasion is involved in corneal disease pathogenesis, 21 it is not yet known whether invasion contributes to epithelial cell traversal. In that regard, P. aeruginosa should also be capable of exiting cells it has invaded. P. aeruginosa and some other bacterial pathogens use twitching as a form of surface-associated motility that involves the extension, tethering, and retraction of polar type IV pili. 28 -34 We previously showed that twitching motility mutants (pilU or pilT) of P. aeruginosa had reduced virulence in a murine model for corneal infection than did twitching motility-competent wild-type bacteria. 35 In that study, twitching motility was not required for initial bacterial adherence to, or invasion of, corneal epithelial cells, suggesting that the role of twitching involved later events. Indeed, the capacity for corneal colonization by the mutants was reduced at 48 hours, but not at 4 hours, after infection, implicating a role for twitching motility in tissue penetration or bacterial dissemination. In this regard others have shown that twitching motility is required for P. aeruginosa-induced apoptosis of airway epithelial cells or cell death of MDCK cells exposed to a large inoculum of an invasive strain for extended periods of time (10 7 -10 9 colonyforming units [CFU] for up to 11 hours). 13, 36, 37 Given that many (if not most) potential sites of infection are covered with a multilayered epithelium, it is surprising that little is known about strategies used by bacteria to cross multilayers of cells. The aim of this study was to begin to study traversal mechanisms used by P. aeruginosa when it crosses multilayered epithelia and to specifically test the hypothesis that twitching motility is involved. Previously defined twitching motility mutants were compared with wild-type P. aeruginosa in several in vitro assay systems designed to quantify and locate viable bacteria over time at various stages after infection.
MATERIALS AND METHODS

Cell Culture
Rabbit corneal epithelial cell layers were grown to confluence on 3-m pore size, 12-mm diameter, semipermeable filters (Transwell; Corning Costar, Lowell, MA). Cells grown on filters were cultured in supplemental hormonal epithelial medium (SHEM) 38 according to the airlifted method, as previously described. 39 Briefly, cells were cultured on the filters for 3 days. Apical and basal surfaces were submerged in SHEM and then air-lifted by removing media from the apical side on day 4 and feeding only the basal side until day 7, when cells were used for experiments. Cells grown in this fashion formed multilayers on the filters (Fig. 1) . In other experiments, cells were grown to confluence as monolayers on 24-well tissue culture plates or on microscope glass coverslips (22cir-1D; Fisher Scientific, Pittsburgh, PA). These were used for experiments on day 4 after passage.
Transmission Electron Microscopy
Cells grown as multilayers according to the air-lifted method were prepared for transmission electron microscopy (TEM). Samples were fixed with 2% glutaraldehyde and postfixed in 1% osmium tetroxide (OsO 4 ); both steps were performed in 0.1 M sodium cacodylate buffer (pH 7.2) at 4°C for 1 hour. Filters were precut into small strips and dehydrated using a graded acetone series (35%, 50%, 70%, 85%, 95%, and pure acetone) twice for 10 minutes each. Samples were then infiltrated sequentially in 1:3, 1:1, 3:1 Spurr resin/acetone for 1 hour each and then transferred to pure resin to polymerize at 60°C for 2 days. The samples were ultrathin-sectioned (70 nm), stained with uracyl acetate and lead tartrate, and viewed and photographed with a transmission electron microscope (Tecnai 12; FEI Company, Hillsboro, OR) at 2.9 kV.
Bacterial Strains and Mutants
P. aeruginosa strain PAK and the twitching motility mutants PAKpilA.Tc r (pilA), PAKpilU::Tn5 (pilU), and PAKpilT::Tn5 (pilT) were used. These mutants were previously constructed and characterized by John S. Mattick (University of Queensland, Australia). 34, 40 Wild-type PAK and the isogenic mutants were kindly provided by Joanne Engel (University of California at San Francisco) and were used with the permission of John Mattick. The pilA mutant is a nonpiliated, isogenic mutant (twitching motility defective by virtue of nonpiliation). 40 Piliated twitching motility mutants (pilU and pilT) each originated from a transposon mutagenesis screen. 34 Bacteria were cultured on trypticase soy agar plates at 37°C and resuspended in Hanks balanced salt solution (HBSS) or SHEM without antibiotics to a concentration of 10 8 CFU/mL (0.1 OD at 650 nm). That suspension was subsequently diluted to a final bacterial concentration of 10 6 CFU/mL. Bacteria were enumerated by viable count to confirm concentrations after serial dilutions.
In Vitro Bacterial Traversal (Translocation) Assay
To study the ability of bacteria to cross multilayers of corneal epithelial cells, cells grown on semipermeable filters (Transwell; Corning Costar) for 7 days were inoculated on the apical surface with invasive P. aeruginosa strain PAK or with one of the twitching motility mutants (pilA, pilU, pilT). Infected cells were then incubated for as long as 8 hours at 37°C. At hourly intervals the number of bacteria in the apical (upper) and basal (lower) chambers was determined by viable counts of aliquots collected from each chamber. The number of bacteria calculated to be in the upper chamber at each time point was used to estimate the replication rate of the inoculum (which was added to that chamber) over time. Bacteria in the lower chamber (which was not inoculated) represented bacteria that had traversed the multilayer of cells. Control experiments showed that the 3-m pore size semipermeable filters (Transwell; Corning Costar) alone were not significant barriers to the translocation of wild-type P. aeruginosa or that of the twitching motility mutants (data not shown). To monitor tight-junction integrity, TER readings were collected with a meter (EVOM; World Precision Instruments Inc., Sarasota, FL), and results were compared with those of HBSS-treated (sham-inoculated) control cells and ethylene glycol tetraacetic acid (EGTA)-treated (100 mM; Fisher Scientific, Pittsburgh, PA) control cells. TER readings from EGTA-treated samples were used as a baseline control for TER (EGTA disrupts tight junctions). 41 Finally, cells were rinsed with fresh HBSS before the addition of antibiotic-free SHEM supplemented with gentamicin (200 g/mL) to kill extracellular bacteria for 1 hour. 26 At the end of each experiment, intracellular survivors were quantified by treating the cells with 0.25% (vol/vol) nonionic surfactant (Triton X-100; Sigma, St. Louis, MO) in phosphate-buffered saline (PBS) for 15 minutes and performing viable counts on the lysate.
Bacterial Invasion and Exit Assays
Corneal epithelial cells were grown as monolayers on 24-well tissue culture plates to determine bacterial capacity for cellular invasion, cellular exit, or both. For these experiments, cells were inoculated with wild-type PAK or one of the twitching motility mutants (pilA, pilU) for 3 hours at 37°C (invasion period). Cells were then incubated with antibiotic-free SHEM supplemented with gentamicin (200 g/mL) to kill extracellular bacteria. 26 The ability of bacteria to exit cells after invasion was quantified by removing the gentamicin solution from the cells at time points between 1 hour and 6 hours after the 3-hour invasion period, adding fresh SHEM without antibiotics for 1 hour (exit period), and sampling the extracellular medium by viable counts. Viable bacteria that had exited the cells during that hour were thus enumerated. Additional samples were included to enumerate bacteria that were intracellular at various time points after inoculation. These cells were treated with gentamicin-containing media for at least 1 hour to kill extracellular bacteria, 26 followed by a 15-minute treatment with 0.25% (vol/vol) nonionic surfactant (Triton X-100; Sigma,in PBS. Viable counts were then performed on aliquots of the cell lysate.
Fluorescence Microscopy and Caspase Inhibition Studies
Coverslip-grown cells were rinsed once with PBS and treated with 80 M caspase inhibitor (Caspase Inhibitor I [Calbiochem, San Diego, CA]; Z-VAD [Ome]-FMK general caspases inhibitor, Fas-mediated apoptosis inhibited) for 1 hour at 37°C. After inhibitor pretreatment, cells were inoculated with 1 mL SHEM (without antibiotics) containing bacteria (10 6 CFU/mL) and 80 M caspase inhibitor (Caspase Inhibitor I; Calbiochem). Samples were incubated for 1 hour at 37°C (invasion period). Coverslips were then treated for 1 hour with gentamicincontaining media, rinsed twice with PBS, and stained for 1 hour with the use of a caspase staining kit (CaspGlow Red; Biovision, Eugene, OR) diluted 1:300 in SHEM without antibiotics to label apoptotic cells. Coverslips were rinsed and allowed to dry before mounting on a glass slide with one drop of mounting medium (Vectashield; Vector Laboratories, Burlingame, CA) for fluorescence with mounting medium (DAPI H-1200; Vector Laboratories). Slides were immediately examined with the use of fluorescence microscopy to quantify the number of cells undergoing apoptosis. Approximately 600 cells in total were quantified per coverslip. Control samples without caspase inhibitor (Caspase Inhibitor I; Calbiochem) were also included to determine the efficacy of the inhibitor. To determine whether exit involves apoptosis, additional coverslips were treated as described. After 1-hour gentamicin treatment, coverslips were rinsed and incubated for an additional 2 hours with SHEM without antibiotics (2-hour exit period). Aliquots were then collected, and bacterial exit was quantified by viable count. Subsequently, coverslips were stained and analyzed as described. The caspase inhibitor did not affect bacterial viable (data not shown).
Statistical Analysis
Statistical significance of differences between groups was determined using Student's t-test. Data were expressed as mean Ϯ SD. P Ͻ 0.05 was considered significant. Experiments were repeated at least three times, and at least three samples were used in each group.
RESULTS
Translocation of Multilayers of Corneal Epithelial Cells In Vitro by P. aeruginosa
Wild-type invasive P. aeruginosa strain PAK traversed multiple layers of corneal epithelial cells (Fig. 2) . Bacteria that were added to only the upper chamber of the semipermeable filter (Transwell; Corning Costar) apparatus were detected within the lower chamber of cells as early as 1 hour after inoculation (0.01% of the inoculum). By the 8-hour time point, the number of bacteria in the upper and lower chambers approached similar levels. Bacteria in the upper chamber (wild-type and mutants) increased similarly in number (by approximately 10-fold) during the 8-hour assay, reflecting their normal replication rate in that medium. In contrast, bacterial numbers in the lower chamber increased by approximately 10,000-fold over the same time period. Although it is likely that replication of previously translocated bacteria contributed to the number of bacteria in the lower chamber, the data suggest that translocation was the predominant contributor.
There was no significant difference in TER between infected and uninfected (control) cells; it remained higher in both than in EGTA-treated baseline controls (Table 1 ). These data suggested that traversal could occur without functional impact on tight-junction integrity. Furthermore, LDH release assays confirmed that bacteria were not cytotoxic to the epithelia at these inocula (data not shown).
Twitching Motility Required for Bacterial Traversal of Corneal Epithelia In Vitro
Each twitching motility mutant (pilU, pilT, pilA) was compared with wild-type PAK for its ability to translocate rabbit corneal epithelial cells. All three twitching mutants were significantly reduced in their ability to traverse these epithelial multilayers (Fig. 3A) . Twitching motility mutants showed a delay in the initiation of traversal (level of detection of 100 CFU reached at 4 hours after inoculation compared with 1 hour for wild-type), and numbers remained lower than for wild-type at all time points, (Ͼ2 log reduction at the end of the 6-hour assay; Fig.  3A ). However, there was an approximately fivefold greater traversal by the pilA mutant than by the pilU or pilT mutant (Fig 3A; P Ͻ 0.001, t-test) .
No significant differences in TER were found between any of the infected cells, for which TER values remained similar to uninfected cells at all time points, and significantly higher than EGTA-treated baseline controls (Fig. 3B) .
The deficiency in traversal of twitching motility mutants did not relate to differences in extracellular growth rates. Viable counts performed on aliquots from the upper chamber, where inocula had been added, showed that mutants and wild-type grew at similar rates (Fig. 3C) .
Accumulation of Twitching Motility Mutants within Cells over Time
To understand why twitching mutants were deficient in traversal, the location of bacteria within the traversal assay system was explored. Although our previously published data showed that twitching mutants were as competent as wild-type in their ability to enter corneal epithelial cells grown as monolayers, FIGURE 2. P. aeruginosa traversal of multilayered corneal epithelial cells grown on semipermeable filters grown in vitro. P. aeruginosa strain PAK (10 6 CFU) was added to the upper chamber, and viable counts of the upper and lower chambers were performed hourly. Bacteria first appeared in the lower chamber (the other side of the cell layer) 1 hour after inoculation. By 8 hours, the numbers of bacteria in the upper and lower chambers were similar. Data are expressed as the mean Ϯ SD. Three semipermeable filters were used for each sample.
IOVS,
Cellular Exit and Epithelial Traversal by P. aeruginosa 2239 the traversal assay system involved infection of multilayers. Thus, twitching motility mutants (pilA and pilU) were compared with wild-type for internalization capacity in the semipermeable filter (Transwell; Corning Costar) system. Comparison of pilU and pilA mutants to wild-type at the 3-hour traversal period showed no significant differences in invasion (Fig. 4A) . However, another potential mechanism for reduced traversal of twitching mutants could be defects in their ability to survive intracellularly after invasion. Hence, the numbers of bacteria recovered intracellularly from wild-type and mutantinfected cells were compared at the end of the 8-hour traversal assay. Surprisingly, twitching mutants demonstrated a significant increase in intracellular numbers compared with wildtype (Fig. 4B) . Layers of infected cells showed TER values similar to those of uninfected (HBSS-inoculated) cells throughout the 8-hour traversal assay. Each remained significantly higher than in controls treated with 100 mM EGTA (P Ͻ 0.05, t-test).
* No significant difference versus uninfected cells at each time point (P Ͻ 0.05, t-test). † Similar to baseline control (submerged filter without epithelial cells).
FIGURE 3.
Traversal of multilayered corneal epithelial cells grown on semipermeable filters in vitro by P. aeruginosa strain PAK and its twitching motility mutants (pilA, pilU, and pilT) after inoculation of the upper chamber with 10 6 CFU bacteria. (A) Each of the three twitching motility mutants (pilA, pilU, and pilT) was defective in its ability to traverse cells over 6 hours compared with wild-type PAK (P Ͻ 0.05, t-test). (B) Neither wild-type nor twitching motility mutants impacted TER during the 6-hour assay. EGTA-treated samples significantly reduced TER to baseline values (*P Ͻ 0.05, t-test, vs. untreated samples at each time point). (C) Growth rates of the twitching mutants were similar to wild-type PAK, as shown by the number of bacteria in the upper chamber over the 6-hour assay. Data are expressed as the mean Ϯ SD. Three semipermeable filters were used for each sample. 
Contribution of Twitching Motility to Bacterial Exit from Epithelial Cells after Invasion
Increased intracellular numbers of twitching motility mutants compared with wild-type over time suggested either an increased intracellular replication rate or a greater accumulation of twitching motility mutants inside epithelial cells compared with wild-type P. aeruginosa. Given that intracellular accumulation could also explain their reduced ability to traverse cell multilayers, we focused on that possibility. The ability of wild-type PAK to exit cells was tested first because that had not been previously explored. Bacteria were allowed to invade cells for 3 hours before gentamicin-containing media (antibiotic-free SHEM supplemented with 200 g/mL gentamicin) were added to kill extracellular bacteria. 26 After 1 hour, the gentamicin-containing medium was replaced with SHEM (without antibiotics), and the extracellular media were monitored for the appearance of extracellular bacteria. By removing gentamicin solution at different hourly intervals in different samples, the exit profile over time was "mapped," and the short 1-hour window for allowing exit eliminated the possibility of significant replication by extracellular bacteria. The results showed that wild-type bacteria were capable of exiting cells after internalization and that the number of exiting bacteria increased with time after inoculation (Fig. 5A) . However, pilA and pilU twitching motility mutants showed significantly reduced capacity to exit epithelial cells after invasion compared with wild-type bacteria (approximately sevenfold reduction at 6 hours after inoculation; Fig. 5A ). Reduced ability to exit cells correlated with intracellular accumulation in the same experiments (Fig. 5B) .
Bacterial Exit from Epithelial Cells Involving Apoptotic Processes
Twitching motility is required for P. aeruginosa-induced apoptosis in conjunctival epithelial cells. 18 To determine whether apoptosis in turn provided a mechanism for bacterial exit from corneal epithelial cells, we studied the effect of an apoptosis caspase inhibitor (Caspase Inhibitor I; Calbiochem) on bacterial exit. Control experiments showed that PAK-induced apoptosis of corneal epithelial cells was effectively inhibited by treatment with the caspase inhibitor (Fig. 6A ). This coincided with a greater than threefold reduction in bacterial exit from inhibitor-treated cells (Fig. 6B) .
DISCUSSION
We have shown that P. aeruginosa invades epithelial cells 9, 26 and can replicate intracellularly. 26 The results of this study show that the twitching motility of P. aeruginosa is involved in bacterial translocation of corneal epithelial cell multilayers FIGURE 5. (A) Exit of P. aeruginosa strain PAK and its pilA or pilU mutant from corneal epithelial cells after invasion. Cells were grown as monolayers on tissue culture plates and incubated with 10 6 CFU bacteria for 3 hours to allow invasion to occur. After extracellular bacteria were killed with gentamicin (1 hour), fresh media were placed on the cells, and viable counts were performed from 1 hour to 6 hours. Twitching motility mutants (pilA and pilU) showed reduced ability to exit corneal epithelial cells after invasion (P Ͻ 0.005, t-test, vs. wildtype PAK). (B) Numbers of intracellular bacteria at the conclusion of the 6-hour exit assay. Cells were treated with gentamicin for 1 hour and, after washing, were lysed with 0.25% (vol/vol) nonionic surfactant. More intracellular bacteria were recovered from within corneal epithelial cells infected with twitching motility mutants than from cells infected with wild-type bacteria (*P Ͻ 0.005, t-test, for each mutant vs. wild-type PAK). Data are expressed as mean Ϯ SD. Three wells were used per sample. and in bacterial exit from these cells after internalization (the latter involves a caspase-dependent mechanism). The data provide some insight into the mechanisms by which P. aeruginosa can traverse multilayers of corneal epithelial cells. For example, traversal did not significantly disrupt TER. This is consistent with previous findings with epithelial cell monolayers (MDCK cells) showing that invasive strains of P. aeruginosa traverse more efficiently than cytotoxic strains that are more disruptive to TER. 22, 23 The absence of TER disruption suggests that invasive P. aeruginosa travel between cells without disrupting the integrity of the tight junctions that maintain TER, or they traffic through cells intracellularly, or they temporarily disrupt tight junctions to travel between cells. The TER effects of temporarily disrupting tight junctions to travel between cells are masked by deeper layer junctional complexes. 42 However, further studies are needed to determine the pathways of traversal.
We previously reported that twitching motility is required for virulence to be established in vivo in a corneal infection model, in which bacteria first penetrate a multilayered epithelium so that disease can result in the underlying stroma. 10, 35, 43 Others have found that though twitching motility mutants retain the capacity to cause pathologic conditions in the lung, they have a reduced capacity to disseminate to the liver, 36 a process likely to require bacterial penetration through epithelial barriers. Our previously published data show that twitching motility is not required for adherence to, or invasion of, corneal epithelial cells. 35 The data presented here show that twitching is, however, required for efficient bacterial traversal of epithelial cell multilayers, at least in vitro. Whether this will translate in vivo to explain the loss of virulence for twitching mutants is to be determined.
Twitching motility mutants were found to accumulate inside cells, correlating with a loss of ability to exit from invaded cells. Cellular exit by most pathogens, including P. aeruginosa, is poorly understood. Shigella and Listeria are among the best-characterized bacterial pathogens known to mediate their exit from cells in a two-step process involving escape from the phagosome 44 -46 and then cell-to-cell spread involving actin polymerization. 47, 48 Salmonella has also been reported to exit cells involving the induction of oncosis, an irreversible swelling of cells that leads to cell death. This follows an accumulation of intracellular bacteria and flagellum-dependent exit. 49 In the case of Chlamydia, two mutually exclusive mechanisms for exit have been described: cellular lysis involving membrane permeabilization and packaged release or extrusion involving pinching of the inclusion, protrusion, and subsequent detachment from cells. 50 Others, such as the malaria parasite Plasmodium falciparum, are able to escape cells through the action of cysteine proteases, which cause the rupture of vacuoles and cells. 51 Our data provide evidence that P. aeruginosa can also exit cells they have invaded. They also suggest that exit may be required for pathogenesis because the lack of cell exit correlated with a diminished ability to traverse cells and reduced in vivo virulence with mutants that displayed normal cell adherence and invasion capacity.
The mechanism for exit is likely to require apoptosis because a caspase inhibitor reduced bacterial-induced apoptosis and exit. This follows a previous report showing that twitching motility is required for apoptosis caused by invasive strains of P. aeruginosa. 37 In that study, it was hypothesized that apoptosis of P. aeruginosa-infected cells served as a host defense mechanism Whether apoptosis is involved because it is directly or indirectly involved in the mechanism for escape is yet to be determined. Other cytotoxic effects of strain PAK have been reported with the use of MDCK cells. 4 These were not observed in the present study, possibly reflecting the significantly lower (ϳ100-fold) bacterial numbers involved. Nevertheless it remains possible that invasive P. aeruginosa uses multiple cytotoxic mechanisms to facilitate the translocation of epithelial barriers.
The pilA (pilin) mutant, which lacks pili altogether, was more effective at traversal than the two twitching motility mutants (pilU and pilT), which have pili. One speculation about pili is that its presence on twitching mutants physically hinders traversal so that it is reduced below the level of the nonpiliated mutants. Alternatively, the absence of pili might compromise host cell defenses against traversal if pilin is involved in recognition of the pathogen by the host, thereby enabling the nonpiliated mutants to traverse more efficiently. Whatever the mechanism for differences between piliated and nonpiliated twitching mutants, the fact that all were compromised compared with wild-type confirmed a role for twitching motility in traversal. Further studies are needed to determine the relative contribution(s) of these mutations to P. aeruginosa translocation of multilayered epithelium.
A model for wild-type traversal suggested by the data is that it involves intracellular travel requiring cellular entry and exit. This would explain why twitching mutants that are defective in exit and accumulate inside cells are also defective in traversal capacity. Yet it remains possible that traversal is reduced for twitching mutants for other reasons. For example, if traversal involves an extracellular component, twitching motility, which is a form of surface-associated motility, could very well be involved by providing a means for locomotion between cells.
In summary, the data presented in this study show that invasive P. aeruginosa can traverse multilayers of epithelial cell without disrupting TER. Given that, and considering that invasive P. aeruginosa strains have the capacity to enter and exit cells, an intracellular pathway may be involved. Twitching motility, previously determined to be an important virulence factor for P. aeruginosa in multiple in vivo models, was found to be required for bacterial traversal in vitro and for bacterial exit from invaded cells, which was in turn reduced by a caspase inhibitor. Apoptosis has previously been shown to require twitching. One possible explanation for the contribution of twitching to virulence in vivo is that after bacteria adhere/invade, twitching facilitates the traversal of epithelial cell layers by enabling bacteria to exit the cells they have invaded through a process involving apoptosis. However, P. aeruginosa-induced apoptosis has also been hypothesized to serve as a host defense mechanism. 52 Further studies will help clarify the role of apoptosis in P. aeruginosa pathogenesis and host defense. In addition, it will be important to explore the various in vitro identified roles for twitching to establish cause-and-effect relationships and to prove their relevance to virulence through in vivo methods.
Once initiated, disease caused by P. aeruginosa is notoriously difficult to treat. Studies aimed at understanding how P. aeruginosa penetrates epithelial cell barriers to initiate disease and how host defenses normally prevent bacterial penetration could lead to new approaches to prevent P. aeruginosainduced disease. Studies of the mechanisms involved in bacterial traversal of epithelia are therefore warranted. The data presented here showing the involvement of twitching motility in traversal provide new directions for future research in this area.
